The Linfen-Yuncheng basin is an area prone to geological disasters, such as surface subsidence, ground fissuring, fault activity, and earthquakes. For the purpose of disaster prevention and mitigation, Interferometric Synthetic Aperture Radar (InSAR) was used to map ground deformation in this area. After the ground deformation characteristics over the Linfen-Yuncheng basin were obtained, the cross-correlations among regional ground subsidence, fault activity, and underground water level were analyzed in detail. Additionally, an area of abnormal deformation was found and examined. Through time series deformation monitoring and mechanism inversion, we found that the abnormal deformation was related mainly to excessive groundwater exploitation.
Introduction
The Shanxi fault belt basin is a Cenozoic fault basin that has strong earthquake activity. The Linfen-Yuncheng basin is located in the south-central region of the Shanxi fault belt basin, where the crustal structure is especially complex and seismic activity is very strong [1, 2] (Figure 1 ). In total, 10 earthquakes with M s ě 5.0 have been recorded since A.D. 1177 (M s stands for surface wave magnitude): one event with M s ě 8.0, one event with 7.0 ď M s < 8.0, two events with 6.0 ď M s < 7.0, and six events with 5.0 ď M s < 6.0 [3] . According to modern seismic network records, moderate-small earthquakes have been more frequent in this area in the recent past [3, 4] (Figure 1 ). At the same time, ground subsidence, ground fissuring, fault activity, and abnormal deformation have been observed and have received substantial attention from the local government [5, 6] . For the purpose of disaster prevention and mitigation, there is an urgent need to characterize the ground deformation characteristics within the basin.
Conventional ground-based geodetic techniques, such as GPS and leveling, have difficulties in detecting more detailed and comprehensive ground deformation due to their low spatial resolution. Although terrestrial laser scanning can present very high spatial resolutions, it hard to be carried out ground deformation monitoring in a wide range. Interferometric Synthetic Aperture Radar (InSAR) has demonstrated potential for high-density spatial mapping of ground displacement associated with earthquake, volcanic, and other geologic processes [7] [8] [9] [10] [11] . However, the application of conventional InSAR is limited by several inherent factors, such as spatial-temporal decorrelation, DEM inaccuracy, Thus, in this study, we examined basin ground deformation using Envisat ASAR images. The Stanford Method for Persistent Scatterers (StaMPS) SBAS InSAR technique was used to obtain the time series surface deformation [17, 18] . The ground deformation characteristics over the Linfen-Yuncheng basin were obtained, and the cross-correlation among the regional ground subsidence, fault activity, and underground water level were analyzed in detail. At the same time, an abnormal deformation was identified and analyzed.
The StaMPS InSAR technique is presented in Section 2 of this paper. The data collection and processing procedures are described in Section 3. The results of the study and some discussion are provided in Section 4, and the abnormal deformation is discussed in Section 5.
StaMPS Method
StaMPS is one of the most mature InSAR time-series analysis software packages. StaMPS uses a statistical relationship between amplitude stability and phase stability that makes consideration of amplitude useful for reducing the initial number of pixels for phase analysis. The amplitude dispersion index, defined by [19] , can be written as where σ A is the standard deviation of the amplitude values and µ A is the mean of a series of amplitude values. The amplitude dispersion index threshold value that is used is commonly higher, typically on the order of 0.4, than the value of 0.12 recommended by [19] . As a result, a large number of pixels are selected as Persistent Scatterers (PS) initial candidates (PSCs). The PSCs are tested for phase stability with an indicator γ x , which is defined based on the temporal coherence and can be used to evaluate whether the pixel is a PS:
where N is the number of interferograms and φ int,x,i is an estimate of the wrapped phase φ int,x,i of the xth pixel in the ith flattened and topographically corrected interferogram ∆φ h,x,i is an estimate of the DEM error. After every iteration, the root-mean-square change in coherence γ x , determined as in Equation (2), is calculated. When the change is less than a specified threshold, the solution has converged and the algorithm stops iterating. Then, the selected pixels are considered as PS pixels, considering their amplitude dispersion, as well as γ x (see [18] for details).
Once the PSs have been selected, their phase are corrected for spatially uncorrelated look angle (SULA) error by subtracting the estimated values, that is the DEM error [20] . As long as the density of PS is such that the absolute phase difference between neighboring PSs, after correction for estimated SULA error, is generally less than π, the corrected phase values can be unwrapped. Optionally, after unwrapping, a high-pass filter can be applied to the unwrapped data in time followed by a low-pass filter in space in order to remove the remaining spatially correlated errors (atmosphere and orbit errors). Finally, subtracting this signal leaves essentially deformation and spatially uncorrelated errors that can be modeled as noise.
The method is able to characterize the temporal model of deformation, rather than using an assumed model. StaMPS is successful at finding PS pixels in both urban and nonurban areas, which makes it applicable in areas covered by forest and vegetation.
Data Collection and Processing
In total, eight C-band Envisat ASAR images with track 2347 in stripe mode, acquired from February 2009 to October 2010, were used to study ground deformation in the Linfen-Yuncheng basin (red frame in Figure 1 ). Underground water level data also were collected for this study. ASTER GDEM (Version 2) with resolution of 1 arc-second (30 m) was used as an external DEM to remove the topographic phase from the interferograms, and ESA DORIS precision orbits data for Envisat satellites were employed to remove the reference phase and orbital bias from the differential interferograms.
The StaMPS SBAS InSAR technique was used in this experiment [17, 21] . First, to ensure the reliability of the deformation measurements, SAR interferometric combinations with a temporal baseline of less than 300 days and a spatial baseline of less than 300 m were outlined. Accordingly, 15 interferograms were generated (Figure 2 ) to study the ground deformation within the basin. After spatially filtering each interferogram, the spatially uncorrelated DEM error was iteratively optimized by setting a maximum error of 8 m. The standard deviation of each coherent pixel was estimated for all of the interferograms. Any pixels with a standard deviation larger than 1.0 radian were eliminated to refine the coherent points [22] . Considering the deformation gradient within the basin, the unwrapped grid size was resampled to 50 m. Atmospheric phases were separated from each differential interferogram by filtering the spatial and temporal domains according to their spatial and temporal correlations. by setting a maximum error of 8 m. The standard deviation of each coherent pixel was estimated for all of the interferograms. Any pixels with a standard deviation larger than 1.0 radian were eliminated to refine the coherent points [22] . Considering the deformation gradient within the basin, the unwrapped grid size was resampled to 50 m. Atmospheric phases were separated from each differential interferogram by filtering the spatial and temporal domains according to their spatial and temporal correlations. 
Results and Discussion
Ground deformation results over the Linfen-Yuncheng Basin were assessed from 2009 to 2010. The annual average deformation map is shown as Figure 3 , in which positive and negative signs represent displacement toward and away from the satellite line-of-sight (LOS), respectively. According to the geological survey, the western mountainous area of Linfen is with hard rock bottom and close to the stable Ordos block tectonic units. So we selected an area about 10 km × 10 km as the reference region, which was represented in the Figure 3 as a five-pointed star marked area. The maximum displacement is from −62 to 20 mm/a. According to the results, the internal and marginal areas of the basin have different deformation characteristics. The internal basin showed land subsidence, but both sides of the basin showed relative uplift. Especially, at the eastern margin of the basin, there is an obvious difference of deformation on the two sides of the ZhongTiaoShan piedmont fault. From the local perspective, the tectonic units have different deformation rates, which show a gradually increasing trend from north to south. 
Ground deformation results over the Linfen-Yuncheng Basin were assessed from 2009 to 2010. The annual average deformation map is shown as Figure 3 , in which positive and negative signs represent displacement toward and away from the satellite line-of-sight (LOS), respectively. According to the geological survey, the western mountainous area of Linfen is with hard rock bottom and close to the stable Ordos block tectonic units. So we selected an area about 10 kmˆ10 km as the reference region, which was represented in the Figure 3 as a five-pointed star marked area. The maximum displacement is from´62 to 20 mm/a. According to the results, the internal and marginal areas of the basin have different deformation characteristics. The internal basin showed land subsidence, but both sides of the basin showed relative uplift. Especially, at the eastern margin of the basin, there is an obvious difference of deformation on the two sides of the ZhongTiaoShan piedmont fault. From the local perspective, the tectonic units have different deformation rates, which show a gradually increasing trend from north to south.
Deformation Characteristics Analysis
As is well known, the stratification of the lower troposphere may lead to topographically correlated propagation delays in interferometric phase (hereafter called stratified delay). Hence, the stratified delay can be approximately considered as a linear function of the terrain, as has been proven by earlier works [23] [24] [25] [26] [27] [28] . After the temporal and spatial filtering in the SBAS-InSAR processing, the influence of tropospheric effects on the results comes mainly from the stratified delay. Because the deformation shares an obvious boundary with the basin topography (see Figure 3) , we needed to analyze whether there was a topographically correlated stratified delay in the InSAR results; so we chose two regions, one in the eastern side and one in western side of the basin (shown as A and B in Figure 3 , respectively), where analyzing the correlation between deformation rate and topography. The results showed that there was no obvious correlation between deformation rate and topography ( Figure 4A ,B). Thus, we concluded that the stratified delay had little effect on the monitoring results in this study. 
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Fault Activity Analysis
According to the survey, there are more than 10 active faults in the study area. Among these, the ZhongTiaoShan piedmont fault, Emei-Zijinshan fault, and Mingtiaogang southeast fault are the three main active faults. In order to analyze the impacts of the faults on the regional deformation, two profiles were extracted along P1-P1" and P2-P2', as shown in Figure 3 , and the results are shown in Figure 6 . The terrain profiles are also plotted in Figure 6 . 
According to the survey, there are more than 10 active faults in the study area. Among these, the ZhongTiaoShan piedmont fault, Emei-Zijinshan fault, and Mingtiaogang southeast fault are the three main active faults. In order to analyze the impacts of the faults on the regional deformation, two profiles were extracted along P1-P1" and P2-P2', as shown in Figure 3 , and the results are shown in Figure 6 . The terrain profiles are also plotted in Figure 6 . Profile P1-P1', crossing the FI-2 and FI-3 faults, is shown as Figure 6C . The ground subsidence shows an obvious difference between the two sides of the faults. The locations of the faults are showed by the dotted lines in the figure. The middle region of the two faults shows subsidence, but the lateral sides show uplift. There is about 15 mm/year of differential subsidence. We also extracted profile P2-P2' perpendicular to faults FI-1 and FI-2 in Figure 3 (Figure 6D ). The deformation Profile P1-P1', crossing the FI-2 and FI-3 faults, is shown as Figure 6C . The ground subsidence shows an obvious difference between the two sides of the faults. The locations of the faults are showed by the dotted lines in the figure. The middle region of the two faults shows subsidence, but the lateral sides show uplift. There is about 15 mm/year of differential subsidence. We also extracted profile P2-P2' perpendicular to faults FI-1 and FI-2 in Figure 3 (Figure 6D ). The deformation difference on both sides of the faults is not as obvious, which shows that the influence of faults on ground subsidence varies in different areas.
As shown above, fault activity and the surrounding ground subsidence have a certain spatial correlation in the Linfen-Yuncheng basin. Deformation occurs within the fault-controlled basin, but no deformation occurs in the surrounding mountainous region without faults.
Relationship Analysis between Underground Water and Ground Subsidence
The Linfen-Yuncheng basin is surrounded by mountains. Its annual average rainfall is 572.5 mm, and the annual average evaporation is 1148.0 mm, twice the former. As a result, underground water is the main source of drinking water in the region.
Research has demonstrated that groundwater exploitation is an important factor in ground subsidence [11, 29] . In order to study the relationship between ground subsidence and groundwater exploitation in the area, groundwater level data were collected by pressure-type water level meters, and the spatial distribution of the sensors was shown as in It is worth noting that the two profiles are located in the groundwater level upheaval area, which is conducive to investigating the relationship between underground water level and ground subsidence. As shown in Figure 8 , although the ground subsidence along P3-P3' has small fluctuations, it has a trend that is generally similar with the trend of groundwater level. This similarity shows that the ground subsidence in the Xinjiang area is affected to a certain extent by the underground water level. However, this effect is not obvious in the Linfen region (Figure 8 ). Due to differences of soil physical and mechanical properties, the ground subsidence also shows some differences under the case of groundwater overexploitation. The Xinjiang-Xiaxian area is part of the Fen River floodplain, which has obvious plastic characteristics, and the degree of preconsolidation is relatively low. With the overexploitation of groundwater, pore water pressure was reduced, which inevitably led to ground subsidence. However, the Linfen region is part of the loess tableland, and It is worth noting that the two profiles are located in the groundwater level upheaval area, which is conducive to investigating the relationship between underground water level and ground subsidence. As shown in Figure 8 , although the ground subsidence along P3-P3' has small fluctuations, it has a trend that is generally similar with the trend of groundwater level. This similarity shows that the ground subsidence in the Xinjiang area is affected to a certain extent by the underground water level. However, this effect is not obvious in the Linfen region (Figure 8 ). Due to differences of soil physical and mechanical properties, the ground subsidence also shows some differences under the case of groundwater overexploitation. The Xinjiang-Xiaxian area is part of the Fen River floodplain, which has obvious plastic characteristics, and the degree of preconsolidation is relatively low. With the overexploitation of groundwater, pore water pressure was reduced, which inevitably led to ground subsidence. However, the Linfen region is part of the loess tableland, and the groundwater content varies widely, leading to the weak correlation between groundwater and land subsidence.
It is worth noting that the two profiles are located in the groundwater level upheaval area, which is conducive to investigating the relationship between underground water level and ground subsidence. As shown in Figure 8 , although the ground subsidence along P3-P3' has small fluctuations, it has a trend that is generally similar with the trend of groundwater level. This similarity shows that the ground subsidence in the Xinjiang area is affected to a certain extent by the underground water level. However, this effect is not obvious in the Linfen region (Figure 8 ). Due to differences of soil physical and mechanical properties, the ground subsidence also shows some differences under the case of groundwater overexploitation. The Xinjiang-Xiaxian area is part of the Fen River floodplain, which has obvious plastic characteristics, and the degree of preconsolidation is relatively low. With the overexploitation of groundwater, pore water pressure was reduced, which inevitably led to ground subsidence. However, the Linfen region is part of the loess tableland, and the groundwater content varies widely, leading to the weak correlation between groundwater and land subsidence. 
Hejin Abnormal Deformation Analysis
The Linfen-Yuncheng basin, where moderate-small earthquakes have occurred frequently in the recent past, is the only area in Shanxi Province that has incurred an M s 8.0 earthquake. Hence, the abnormal deformation that occurred in this areas particularly attracted our attention. The InSAR results showed that the abnormal deformation is located in Hejin, south of the LuoYunShan fault (Figure 3 ). Exploring the process and the cause of this abnormal uplift is very important to an analysis of the seismic risk of the region.
Interferogram Analysis
In order to obtain the process of the uplift deformation, we collected 18 scenes of ENVISAT ASAR standard images with track 2347 (blue frame in Figure 1 . Using these data, we began SBAS InSAR processing. ASTER GDEM Version 2 with resolution of 1 arc-second (30 m) was used as an external DEM to remove the topographic phase from the interferograms. Due to the notable temporal gap (no images for 2007 and 2008), we divided the total images into two subsets and carried out the processing separately. After careful data processing, 18 interferograms with good coherence were generated ( Figure 9 ). We show eight typical interferograms, spanning several months to several years, in Figure 10 . From these interferogram patterns, we developed the following observations.
(1) Fringes that persist in time (e.g., Figure 10A -H) show deformation anomalies. These fringes are unlikely to be atmospheric artifacts because the interferograms were produced from independent SAR images. Additionally, the signals cannot be attributed to DEM errors because the baselines of these interferograms are short, making them insensitive to any plausible errors in the DEM. (1) Fringes that persist in time (e.g., Figure 10A-H) show deformation anomalies. These fringes are unlikely to be atmospheric artifacts because the interferograms were produced from independent SAR images. Additionally, the signals cannot be attributed to DEM errors because the baselines of these interferograms are short, making them insensitive to any plausible errors in the DEM. 
Deformation and Mechanism Inversion
In order to understand the uplift deformation process, we obtained the time series results of the deformation center (Figure 11 
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In order to understand the uplift deformation process, we obtained the time series results of the deformation center (Figure 11 ) using the SBAS method for the data processing. As determined from the results, the deformation is divided into two stages, a subsidence stage from December 2003 to We assumed that the deformation was caused by a volume change beneath the northern Hejin area. In order to explain the InSAR-derived deformation field, we tried a uniformly opening sill (i.e., crack) embedded in an elastic half-space to model all the interferograms with reasonably good coherence individually [30] . Eight parameters defined the sill: length, width, depth, strike, dip, opening, and location (two parameters). In the model, we introduced linear terms to account for any We assumed that the deformation was caused by a volume change beneath the northern Hejin area. In order to explain the InSAR-derived deformation field, we tried a uniformly opening sill (i.e., crack) embedded in an elastic half-space to model all the interferograms with reasonably good coherence individually [30] . Eight parameters defined the sill: length, width, depth, strike, dip, opening, and location (two parameters). In the model, we introduced linear terms to account for any possible phase ramp due to uncertainties in satellite positions [31] . We used the downhill simplex method and Monte Carlo simulations to estimate the optimal parameters and their uncertainties [32] and the root mean square error (RMSE) between the observed and modeled interferograms as the prediction-fit criterion. Figure 12 shows two examples with observed ( Figure 12A,D) , modeled ( Figure 12B ,E), and residual ( Figure 12C,F) interferograms for the sill models. The models fit each of the observed interferograms reasonably well. Because the subsidence and uplift may have been caused by different mechanisms, we separately calculated the parameters of the sill models for seven deflationary and four inflationary interferograms. In other words, we achieved the parameters of the two sill models by averaging all the results for seven deflationary and four inflationary interferograms separately. This strategy provided a first-order approach to reducing errors in the modeling. Table 1 shows the averaged parameters of the sill sources for the seven deflationary and four inflationary interferograms. All of the model parameters are well constrained according to the uncertainties shown in Table 1 . We attribute the goodness of fit to the averaging of the many interferograms. The best-fit model sill for the deflationary interferograms is 5.2 km long, 2.5 km wide, 1.5 km deep, and has a strike of N104˝E, and the best-fit model sill for the inflationary interferograms is 5.4 km long, 1.6 km wide, 1.4 km deep, and has a strike of N78˝E.
Remote Sens. 2016, 8, 284 11 of 14 possible phase ramp due to uncertainties in satellite positions [31] . We used the downhill simplex method and Monte Carlo simulations to estimate the optimal parameters and their uncertainties [32] and the root mean square error (RMSE) between the observed and modeled interferograms as the prediction-fit criterion. Figure 12 shows two examples with observed ( Figure 12A,D) , modeled ( Figure 12B ,E), and residual ( Figure 12C ,F) interferograms for the sill models. The models fit each of the observed interferograms reasonably well. Because the subsidence and uplift may have been caused by different mechanisms, we separately calculated the parameters of the sill models for seven deflationary and four inflationary interferograms. In other words, we achieved the parameters of the two sill models by averaging all the results for seven deflationary and four inflationary interferograms separately. This strategy provided a first-order approach to reducing errors in the modeling. Table 1 shows the averaged parameters of the sill sources for the seven deflationary and four inflationary interferograms. All of the model parameters are well constrained according to the uncertainties shown in Table 1 . We attribute the goodness of fit to the averaging of the many interferograms. The best-fit model sill for the deflationary interferograms is 5.2 km long, 2.5 km wide, 1.5 km deep, and has a strike of N104°E, and the best-fit model sill for the inflationary interferograms is 5.4 km long, 1.6 km wide, 1.4 km deep, and has a strike of N78°E. 
Discussion of Abnormal Deformation
The differences of location and depth of the sill sources beneath the northern Hejin area between the results of the subsidence and uplift interferograms are not significant at the 95% confidence level (Table 1) , so we attribute both processes to the same source. The dimensions of the two sill models are also similar.
We speculate that the deformation was caused by underground water withdrawal and influx. First, no active faults or volcanoes are located in the northern Hejin area. Second, according to the patterns shown in the interferograms (Figure 10 ), it does not seem that the deformation was caused by tectonic movements. Third, the ground surface, as shown by the high-resolution remote sensing images, is covered mainly by crops, and there are some chemical plant distribution here. Therefore, we speculate that underground water was overextracted during [2003] [2004] [2005] [2006] [2007] [2008] [2009] . According to our field investigation, more than 50% of the small-and medium-sized enterprises were closed during 2009. After 2009, the local enterprises and residents stopped extracting underground water excessively, which caused the ground to rebound, i.e., subsidence to uplift.
Conclusions
Linfen-Yuncheng basin has suffered from severe geo-hazards, including large scale land subsidence and small scale fault activity, which has caused serious infrastructure damages and property losses. High accuracy InSAR results can show the relationships among the different scale deformation. In this study, ground deformation, fault activity, and the mechanism of abnormal deformation over the Linfen-Yuncheng basin were analyzed using InSAR deformation results. The influences of underground water on ground subsidence were analyzed, as were the controlling effects of the fault distribution on the deformation trend. The following conclusions were drawn.
First, there are two obvious centers of subsidence and one uplift zone within the Linfen-Yuncheng basin located in the towns of Xiaxian, Xinjiang, and Hejin, respectively. Second, deformation occurs within the fault-controlled basin, and the distribution of faults controls the ground subsidence trend. Third, excessive exploitation of underground water is one of the main causes of land subsidence in the Linfen-Yuncheng basin, and the effects of underground water level on ground subsidence show differences in different regions, which are influenced mainly by formation conditions. Fourth, an area of abnormal deformation was found and this deformation presented a reversal of trend, from ground subsidence to uplift, in about 2009. The abnormal deformation was mainly related to excessive groundwater exploitation.
